The herpesvirus saimiri (HVS) ORF57 protein binds viral RNA, enabling the efficient nuclear export of intronless viral mRNAs. However, it is not known how ORF57 recognizes these viral mRNAs. In this study, a systematic evolution of ligands by exponential enrichment (SELEX) approach was used to select RNA sequences that are preferentially bound by the ORF57 protein.
The herpesvirus saimiri (HVS) ORF57 protein is homologous to gene products identified in all classes of herpesviruses (Bello et al., 1999; Perera et al., 1994; Sacks et al., 1985; Winkler et al., 1994) . ORF57 is a multifunctional protein that regulates viral gene expression at the post-transcriptional level (Boyne et al., 2008a; Boyne & Whitehouse, 2006a; Cooper et al., 1999; Goodwin et al., 1999; Goodwin & Whitehouse, 2001; Whitehouse et al., 1998) . The primary role of ORF57 is to mediate the nuclear export of HVS intronless transcripts. This event is essential for viral replication, as intronless transcripts are retained in the nucleus following transcription due to the splicingdependent nature of cellular mRNA export. To facilitate this function, ORF57 shuttles between the nucleus and the cytoplasm, trafficks through the nucleolus, binds viral RNA and interacts with various cellular nuclear import/export proteins (Boyne & Whitehouse, 2006b; Goodwin et al., 1999; Williams et al., 2005) . HVS ORF57 comprises several functional domains, which are conserved between its viral homologues (Boyne et al., 2008a) , including two nuclear localization signals (Boyne & Whitehouse, 2006b ), a leucine-rich nuclear export signal (Goodwin & Whitehouse, 2001 ) and carboxy-terminal zinc finger-like and hydrophobic GLFF domains (Goodwin et al., 2000) . Furthermore, the RNA-binding domain has been mapped to an amino terminus arginine-rich region (Goodwin et al., 1999) . However, how ORF57 specifically recognizes and binds viral intronless mRNAs is yet to be elucidated. At present, no specific response element has been identified in any HVS mRNAs; therefore, in this study, we have utilized a systematic evolution of ligands by exponential enrichment (SELEX) approach (Joyce, 1994; Stoltenburg et al., 2007) to identify RNA sequences that ORF57 specifically binds from a random pool. Results identified a core response element, GAAGRG (where R is a purine). Moreover, mutation of this element within the intronless ORF47 mRNA ablated ORF57 binding.
To identify RNA sequences recognized by ORF57, a SELEX screen was performed. SELEX utilizes the ability to create different aptamers quickly by generating a random pool and selecting those species that have an increased affinity towards a target (Stoltenburg et al., 2007) . Selected RNAs are then reverse transcribed, reamplified and transcribed again into RNA for subsequent selection ( Supplementary  Fig. S1a , available in JGV Online). The RNA library that was used contained~10
14 RNAs, containing a 50 nt (N50) randomized sequence flanked by T7 forward and reverse primers. The 59 flanking sequence also included a T7 RNA polymerase-binding sequence to enable the transcription of the sequence.
The SELEX screen was performed using a histidine-tagged ORF57 construct, pET-ORF57N, encompassing the amino terminus (residues 8-120) of ORF57. Expression and purification of this recombinant protein were performed as previously described (Williams et al., 2005) . The N50 library was subjected to in vitro transcription in selection buffer [40 mM Tris/HCl (pH 7.9), 8 mM MgCl 2 , 25 mM NaCl, 2 mM spermidine] using T7 RNA polymerase. The products were then incubated for 5 min at 20 u C with 100 pmol recombinant ORF57, before magnetic separation of the immobilized protein and removal of unbound RNA. After washing, any RNA bound to ORF57 was eluted and subjected to reverse transcription using the T7 reverse primer. This product was then subjected to PCR amplification before being used as the sequence library for the next round of selection. Ten rounds were performed using a Biomek 2000 Automated Workstation (Beckman Coulter). Negative selection against Talon resin was performed prior to every second round to reduce aptamer selection against the beads.
After each round of selection, the PCR product was analysed to ensure that a product of the expected length was amplified. A PCR product of the correct size, 121 bp, was amplified from each round of selection ( Supplementary Fig. S1b ). Final round DNA species were then cloned into pGEMT Easy and 28 clones were sequenced. Fig. 1(a) shows the converted RNA sequences selected by the SELEX screen and highlights that the sequences are highly biased toward guanine and adenine residues.
Bioinformatic analysis was undertaken to evaluate the sequences obtained from the SELEX screen prior to experimental assays. The GeneBee multiple sequence alignment tool (http://www.genebee.msu.su) generated an overall alignment and grouped sequences according to their similarity into 'Local Supermotifs' (Fig. 1b) . Using this alignment, a recurring GAAGRG sequence (where R is a purine), was identified in 22 of the 28 sequences. Fig. 1 . (a) Sequences of the random region of the selected RNA species obtained from in vitro selection. The identified GAAGRG motifs are highlighted in bold and the remainder of any overlapping motifs are underlined. R corresponds to a purine residue. (b) Supermotifs were generated using GeneBee based on alignment of conservation between sequences. A selection of the 10 groups generated is shown, with the GAAGRG sequences highlighted in bold. (c) EMSA analysis using RNA transcribed using the Megascript kit incorporating Cy5-UTP into the original RNA SELEX library or clone 8. Full-length KSHV or HVS ORF57 proteins were expressed using the in vitro transcription/translation system (part i). Samples were separated on a native 8 % (v/v) acrylamide gel and analysed by visualizing the fluorescence using a Fuji FLA-500 fluoro-image analyser (part ii).
Moreover, the motif was present in multiple copies in many instances; eight sequences contain two copies and three sequences contain three copies. These selected profiles suggest that this sequence, GAAGRG, which we have termed the core response element, may play an important role in ORF57-mediated RNA recognition. Further analysis was performed to determine whether these selected sequences had any 2-D secondary structure using the M-fold RNA structural prediction program. Results yielded large, low complexity loops due to insufficient base-pairing (data not shown).
To determine whether the selected sequences specifically bind ORF57, electrophoretic mobility shift assays (EMSAs) were performed using in vitro-transcribed/translated HVS ORF57 protein and the control Kaposi's sarcoma herpesvirus (KSHV) ORF57 protein ( Fig. 1c part i ), produced as previously described (Boyne et al., 2008b; Williams et al., 2005) . RNA binding was assessed using the original RNA SELEX library and an individual RNA clone was isolated by SELEX. Clone 8 was chosen for analysis as it contains multiple putative core response elements. Library and clone 8 RNAs were transcribed and labelled overnight from the DNA template using 5 pmol Cy5-UTP (Amersham), using the Megascript in vitro transcription kit (Ambion) according to the manufacturer's guidelines. The labelled RNAs were then purified by phenol/chloroform extraction and ethanol precipitation. Upon successful fluorescent labelling, the RNA was then used in EMSA analysis. RNA was incubated with 25 ml in vitro-transcribed/translated HVS or KSHV ORF57 protein, 1 mg poly(dI-dC) and 5 ml 106 selection buffer for 15 min at 20 u C. Complex formation was analysed by native PAGE and viewed with a fluoro-image analyser (Fig. 1c part ii) . Gel shift analysis indicates that clone 8 RNA interacts with ORF57 protein, in contrast with the library RNA, as indicated by the retarded complex in the HVS ORF57 lane. In addition, no interaction was observed between clone 8 and the control KSHV ORF57 protein. This suggests that the sequence of RNA, or motifs within clone 8 are important for binding HVS ORF57 in preference to other RNA-binding proteins.
Based on the ability of HVS ORF57 to select for this response element in vitro, we investigated the presence of the core response element within HVS mRNAs to determine whether this sequence could be responsible for the interaction between ORF57 and viral mRNA in vivo. A search of the HVS genome identified this sequence 70 times in 44 unique open reading frames (ORFs). Table 1 lists the ORFs that contain the core response element and highlights where it is situated in the mRNA, within either the 59, central or 39 region of the mRNA. Analysis was limited to HVS coding regions due to the limited information available regarding the untranslated regions within the HVS genome. Results show that the core response element can be located anywhere within the mRNA and no positional bias to its location was observed. At present, the significance of the position of the core response element within HVS RNAs is unknown. Recent data suggest that KSHV ORF57 interacts directly with the cap-binding protein, CBP80 (Boyne et al., 2008b) . It may be the case that the secondary structure of HVS RNAs allows ORF57 to bind to both the cap and an internal core response element.
To further evaluate the ORF57 binding capabilities of the identified core response element, we next determined whether this motif was important for ORF57 binding in the context of a full-length HVS mRNA. We have shown previously that ORF57 specifically binds the ORF47 mRNA using RNA immunoprecipitation (RNA-IP) assays (Boyne & Whitehouse, 2006b) , and therefore chose to analyse this mRNA in more detail. Analysis of the ORF47 genomic sequence identified two core response elements. Both of these motifs were mutated by altering the guanines by sitedirected mutagenesis (Fig. 2a) . 293T cells were transfected with a plasmid encoding the wild-type or mutant ORF47 cDNAs in the absence or presence of pORF57-GFP. After 24 h, RNA was cross-linked to interacting proteins and RNA-IP was performed as previously described using a green fluorescent protein (GFP)-specific antibody (Boyne & Whitehouse, 2006b; Boyne et al., 2008b ). Input controls demonstrate that both RNAs are expressed at similar levels. As expected, RNA-IP assays show that there is a clear interaction between ORF57 and the intronless mRNA. In contrast, no interaction was observed between ORF57 and the ORF47 mutant RNA (Fig. 2b) . These data show that the core response element within the ORF47 RNA is required for recognition and binding by the ORF57 protein. In addition, bioinformatic M-fold analysis was used to model the secondary structures of wild-type and mutant ORF47 RNAs. Results demonstrated that the introduced mutations could have an important effect on the structure of the ORF47 RNA (Fig. 2c) . The model suggests that the mutations in both core response elements alter basepairing and alterations within these residues affect the secondary RNA structure. This suggests that the mutations from G to T residues had an important effect on the RNA molecules, resulting in the loss of the ability to bind to ORF57. This result suggests that the specific sequence may have a structural significance within the context of the fulllength viral mRNA, mediating the specificity of ORF57-RNA interactions.
HVS ORF57 has a pivotal role in mediating the nuclear export of HVS intronless transcripts. However, little is known about the mechanism by which HVS intronless RNAs are recognized and exported by the ORF57 protein in preference to cellular transcripts. RNA binding by the ORF57 homologue ICP27 is mediated through an RGG box motif. Studies using cellular proteins have shown that these motifs recognize poly(G) or GGUG sequences. (Darnell et al., 2001; Lerga et al., 2001; Schaeffer et al., 2001) . Interestingly, results from a yeast one-hybrid screen using ICP27 and short fragments of HSV-1 mRNAs showed that guanine residues could be important for binding, especially runs of poly(G) (Sokolowski et al., 2003) . In contrast, analysis using recombinant ICP27 protein encompassing the RGG box motif suggests that ICP27 preferentially binds to cytosine-rich sequences (Sandri-Goldin, 2008).
However, unlike ICP27, HVS ORF57 and some of its homologues do not encode RGG box motifs, but interact with RNA through arginine-rich regions (Hiriart et al., Table 1 . Bioinformatic analysis reveals that the core response motif is present in multiple HVS ORFs Analysis was performed to identify the core response element within sense and antisense coding regions of the HVS genome. The location of the motif within each ORF was identified as 59 (5) Semmes et al., 1998; Winkler et al., 1994) . We showed that ORF57 has affinity for RNA sequences rich in guanine and adenine residues. Moreover, the majority of selected sequences contain a motif, GGAGRG, which is also present throughout the HVS genome and occurs in the coding regions of both sense and antisense genes 2.5 times RNA-IP assays were performed using wild-type ORF47 (47) or mutant ORF47 (47M) in the absence and presence of pORF57-GFP (57). RNA-IP assays were performed using a GFP-specific antibody and nested RT-PCR was carried out with (+RT) or without ("RT) reverse transcriptase on the extracted RNA using ORF47-specific oligonucleotides. Total RNA extracted from transfected cells served as a control (Input). (c) Bioinformatic analysis utilizing the M-fold RNA secondary structure prediction program demonstrates the differences in ORF47 RNA structure resulting from the mutations in the two core response elements (highlighted in green).
more frequently than expected. Interestingly, intronless late structural genes in particular contain this sequence. In addition, some spliced HVS RNAs also contain the core response element. This was initially surprising given the pivotal role of ORF57 in nuclear export of intronless HVS RNAs; however, recent analysis suggests that KSHV and EBV ORF57 homologues also function as splicing factors (Majerciak et al., 2008; Verma & Swaminathan, 2008) . If HVS ORF57 has a similar role, this would also require a core response element within spliced HVS RNAs.
In summary, this analysis suggests that the GGAGRG core response element is important for HVS ORF57 binding, as mutation of this element in a viral intronless mRNA ablates ORF57 binding.
